Reports showing that the copper concentration is considerably higheri nn eoplasms than in normalt issues prompted the need to develop selective copper chelators. We disclosed recently that some N-linked tetrazole-saccharinates bind selectively to copper,f orming complexes that are highly cytotoxic towards cancerc ells. Because tetrazole-saccharinates are photolabile, due to the photoreactivity of tetrazoles, we proposed thiadiazolyl-saccharinates as an alternative. Herein we describe the synthesis, structure, and monomeric photochemistry of as ulphanyl-bridged thiadiazolylsaccharinate, 3-[(5-methyl-1,3,4-thiadiazol-2-yl)sulphanyl]-1,2benzothiazole 1,1-dioxide (MTSB). The monomeric structure, charge density analysis, and characteristic infrared spectrum of MTSB were investigated theoretically, using quantum chemical calculations, and also experimentally,u sing matrixisolation infrared spectroscopy.T he crystal structure was in-vestigated by combining X-ray crystallographyw ith infrared and Ramans pectroscopies. Results show that the structure of isolated MTSB is similart othat found in the crystal,w ith an S···N interaction clearly contributing to the structure of the molecule and of the crystal.M atrix irradiation revealed a high photostability of MTSB, compared to parent tetrazolesaccharinates and to the 5-methyl-1,3,4-thiadiazole building block, emphasizing the photostabilizinge ffect of the saccharyl system.F inally,i nv itro toxicitya ssays of MTSB showedacopperc oncentration-dependent toxicity against cancer cells, without affecting normalc ells. In particular, MTSB was most effective towards the hepatic (HepG2), neuroblastoma (SH-SY5), and lymphoma cell lines (U937). Thus, MTSB represents ap romising lead for cancerc hemotherapy based on chelating agents.
Introduction
Coordination chemistry is very relevant in crucial areas, such as catalysis, supramolecular chemistry,m olecular magnetism, optical materials, environmentalr emediation and medicine. [1] [2] [3] [4] Multidentate ligandsm ay be viewed as the touchstone in co-ordination chemistry because their structure and chemical nature determines the reactivity and function of coordination structures. In designing ligands, the bindinga ffinity and selectivity towards as pecific metal are instrumental features to consider,especially if applicationsi nm edicinal chemistry are envisaged, for which structure-based design must keep in pace with the increasing demandf or solutions that provide higher efficacy,while reducing toxicity.
The design of selective ligands for copperh as attracted attention is recent years. This metal is involvedi navariety of vital redox processes in the human body and alterations of its normalhomeostasis are known to promote toxicity through induced formation of reactive oxygen species( ROS) that may target lipids, proteins, or nucleic acids. [5] [6] [7] It has been reported that the proliferation of cancerc ellsr equiresahighera bundanceo fC u II than that of corresponding normalc ells. [8, 9] Additionally,i tw as proposed that the apoptotic properties of Elesclomol,ad rug candidate currently under clinical evaluation for cancerc hemotherapy,arise from its coordination to copper(II), leading to ac omplex that promotes formationo fR OS in cancer cells. [10] This evidencep rompted the development of new copper chelators that can avidly capture copperi ons in neoplasms, depriving them of Cu II .I f, in addition, the redox-activec opper complexes generateh armful re-active oxygen species (ROS)i nc ancerc ells, then the copper chelators could inhibitt umor growth by ad ual-mode of action, behaving as powerful tools for cancerc hemotherapy.I n view of these potential applications, the mandatory properties of such copper chelators include negligible cytotoxicity,h igh binding affinity and selectivity towards Cu II ,i na ddition to chemicals tability, drug-like properties, and easy access throughc hemical synthesis.
Saccharin (3-oxo-1,2-benzisothiazole 1,1-dioxide), [11] the oldest artificial sweetener known,a nd relateds accharinates (known as benzisothiazoles), are generallys table and non-toxic compounds and are also known to act as bridging ligands in coordination chemistry. [3, 12] Additionally,t he saccharyl system is easily linked to other heterocyclesb yu sing 3-chloro-1,2-benzisothiazole 1,1-dioxide (2;S cheme 1) as the saccharyl building block, providing easy access to ap lethora of saccharinatebased conjugates that can be screened as multidentate ligands.
We recently developed saccharinate-based molecules where the saccharyl system is linked to at etrazolyl moiety( 1; Scheme1;R = tetrazolyl), studied their structure and properties [13] [14] [15] and uncovered their potentiala sm ultidentaten itrogen ligands in coordinationc hemistry.I nterestingly,i tw as found that someofthe N-linked tetrazole-saccharinates investigated act readily as selectiveC u II chelators, over Fe II and Ca II . [16] The chelators and corresponding copper complexes were scrutinized regardingt heir toxicityt owards variousc ancer cell lines and also towards non-tumoral cells. Quite surprisingly,t he ligands did not show toxicityb ut the corresponding copper complexes revealed high toxicity towards all tumor cell lines tested, with IC 50 values at the low micromolar range of concentrations. [16] From these preliminary results we selected one compound, 2-methyltetrazole saccharinate, for deeper investigationso fa nti-proliferative activity,a nalysis of cell cycle distribution, apoptosis induction, and oxidative stress levels.
Because tetrazoles are known to be photolabile (unlike saccharins, known to be relatively photostable) [17, 18] we proposed to develops accharinate-basedc onjugates incorporating other heterocycles (Scheme 1) and, considering the properties of thiadiazoles, [19] thiadiazolyl saccharinates appeared to be good candidates.
Herein we describe the synthesis, structure, and monomeric photochemistry of 3-[(5-methyl-1,3,4-thiadiazol-2-yl)sulfanyl]-1,2-benzothiazole 1,1-dioxide (MTSB), as ulphanyl-bridged thia-diazolyl-saccharinate. The monomeric structure, charge density analysis,a nd infrared spectroscopy characteristics of MTSB were investigated theoretically,u sing quantum chemical calculations,a nd also experimentally,u sing matrix-isolation infrared spectroscopy.T he crystal structure was investigated by combining X-ray crystallography with infrared and Ramans pectroscopies.T he photostabilityo fm atrix-isolated MTSB was evaluated. Finally,i ts toxicity was assessed in vitro, towards ar ange of cancer cell lines and non-tumoral cells.
Results and Discussion

Synthesis of MTSB
For ac onvergent synthesis of MTSB,t he saccharyl (2)a nd thiadiazole (4)b uilding blocks were coupledt hrough nucleophilic displacemento ft he chloride anion from 2 by the thiol functionality of 4 (Scheme 2). The reaction proceeded smoothly,a ffording the crystalline product in 60 %y ield. 3-Chloro-1,2-benzisothiazole 1,1-dioxide (2)w as prepared by halogenation of saccharin, as previously described. [17] Investigation of the structure of monomeric MTSB
Quantum chemical calculations for the isolated molecule
Ad eep understanding of the structure of MTSB is instrumental for predicting andi nterpreting its reactivitya nd properties. As such, monomeric MTSB was investigated theoretically,todetermine its preferred conformation.T he structures were calculated using Gaussian 09, [20] at the DFT level of theory,w ith the B3LYP hybrid functional [21, 22] and the 6-311 ++G(d,p) and 6-311 ++G(3df,3pd) basis sets. [23, 24] In searching for the relevant minimao ft he isolated molecule of the compound, the potential energy profile for internal rotationa bout the S 12 ÀC 13 bond ( Figure 1 ) was calculated using the smaller basis set. The more extended basis set was then used to confirm the nature of the initially identified minima and for calculation of the geometrical parameters and vibrational spectra, as well as for undertaking the charge density analysis. The latter was performed according to the theory of Atomsi nM olecules (AIM) [25] and the Wiberg bond order analysis, [26, 27] using the Multiwfn program (version 3.2). [28] Conformational search and geometry of the minimum energy conformation of MTSB The preliminaryc onformationals earch was undertaken at the B3LYP/6-311 ++G(d,p) level of approximation. Structures with the N 2 ÀC 3 ÀS 12 ÀC 13 fragment in the trans conformation were not taken into account because they are highly sterically hampered due to the close proximity of the two ring moieties (thiadiazole and benzothiazole). The calculated potential energy profile fori nternal rotation about the S 12 ÀC 13 bond, shown in Figure 2 , shows 3m inima: ag lobal minimum (I)f or C 3 ÀS 12 ÀC 13 ÀN 17 equalt o1 808 and two symmetry-related higher energy minima( II, II')f or C 3 ÀS 12 ÀC 13 ÀN 17 equal to 112.38 (and 247.78)( Figure 1, Figure 2 ). The higher energy minima stay 2.33 kJ mol À1 above the conformational ground state, and are predicted to be separated from this by av ery small energy barrier( 0.09 kJ mol À1 ). The calculated barrier separating the two symmetrically equivalent minimaa mountst o 26.24 kJ mol À1 ,t he transition state structure correspondingt oa C 3 ÀS 12 ÀC 13 ÀN 17 dihedralangle of 08.
The very small energy barrier separating II/II' from the global minimum (I)a ppeared to be not realistica nd further calculations were performed using the larger 6-311 ++ G(3df,3pd) basis set. Indeed, when re-optimized with the more extended basis set, the higher energy minimac ollapse to the global minimum.
The calculated geometrical parameters for I are provided in Ta ble S1 (in the Supporting Information). The most relevant structural feature of the minimum energy conformation of MTSB is the close proximity of the S 14 and N 2 atoms, because the S 14 ···N 2 distance is only 2.896 ,w hich is considerably shortert han the sum of the van der Walls radii of Na nd S( N: 1.55 ,S:1.80 ;N+ S = 3.35 ).
The structural relevance of S···N contacts has been reported long ago by Fausto,T eixeira-Dias and Carey [29] in as tudy on Nformylglycine dithio acid, in which a5 -membered ring involving an S···N contact also exists in the mosts table conformer of the compound. For this compound, the calculated S···N distance was found to be 2.898 ,i ng ood agreement with the Xray data for the distance between the corresponding atoms in as eries of crystalline N-acylglycine dithio esters used as models for enzyme-substrate complexes of cysteinep roteases, [30] [31] [32] which range from 2.846 to 2.930 .I na ll those compounds, as in MTSB, the Na tom points to the SÀR( R= Ho rC ) moiety,w ith the N···SÀRa ngle being larger than 154.48 (163.58 for MTSB), thusm atching the criterion of Rosenfield et al. [33] for an ucleophilic nitrogen approaching an electrophilics ulphur. According to the literature, [29, 31, 34] the S···N contact is mainly a s-hole chalcogen-type interaction (see Figure S1 in the Supporting Information) involving nitrogen and sulphur orbitals properly oriented spatially.T he detailed analysis of the S 14 ···N 2 interaction in MTSB is presented in the next section, based on both the Atomsi nM olecules (AIM)t heory [25] and the Wiberg bond order analysis. [26, 27] The S 14 ···N 2 interaction as described by the analysis of the electron charge density (AIM and Wiberg bond order analyses) Analyseso ft he charge distribution in the MTSB molecule and of the topological properties of thee lectron density and the Laplacian of the electron density allowedu st ou nderstand some of the fundamental structuralc haracteristics of the molecule, in particular the impact of the S 14 ···N 2 contact on the structure.
As imple and elegant way to estimate the relative strengths of the differentb onds in am olecule is to use the AIM theory approach [25] and evaluatet he value of the charged ensity at the bond critical pointso ft he molecule, then correlating these values with the bond strengths. In AIM topology analysisl anguage,t he points where the gradient norm of ag iven real space functionv alue is zero (except at infinity) are called critical points (CP). When the electron density function (1)i sc on- sidered, besides the criticalp oints where all three eigenvalues of Hessian matrix of the function are negative (which correspond to local maxima anda re nearly coincident with the nuclei), there are three other types of criticalp oints:( i) the bond criticalp oints (BCP), associated to two negative eigenvalues of the Hessian matrix (second-order saddle points), and that appear between attractive atom pairs;( ii)the ring critical points (RCP), exhibiting only one negative eigenvalue of Hessian matrix (first-order saddle point) and that appear in the center of ar ing;a nd (iii)the cage criticalp oints (CCP), where none of the eigenvalues of the Hessian matrix of the electron density function are negative (local minimum) and that are located in the center of acage system.
The valueso freal space functions at BCP have great physical significance.F or example, the value of 1 and the sign of the Laplacian of the electron density (r 2 1)a taBCP are closely related to bonding strengtha nd bondingt ype, respectively. [35, 36] The maximal gradient path linking BCP and associating two local maximao fd ensity is termeda s"bond path", which reveals the atomic interaction path for all kindso fb onding. The collection of bond paths is known as molecular graph, which provides an unambiguous definition of the molecular structure. [25] Figure 3s hows the molecular graph for MTSB,w here the BCP and RCP are shown, together with the bond paths. The values of the electron density function (1)a nd of the Laplacian of the electron density (r 2 1)a tt he BCP and RCP are provided in Ta ble 1, together with the calculated bond lengths and Wiberg bond orders. [26, 27] Figure 4p resents plots that relate the bond lengths, the bond orders calculated according to the Wiberg's method, [26, 27] and the values of the electron density at the associated BCP. Figure 5s hows the contour map of the molecular charge density (1)i nt he molecular plane of MTSB, together with the trajectories of the corresponding gradients, including those delimiting the basins associated with the different atoms. Atomic AIM charges (obtained by integration of the charged ensity within agiven basin) are shown in Table 2 .
The most relevant result presented in Figure3,F igure 5and Ta ble 1i st he presence of aB CP between S 14 and N 2 ,w hich is a clear indication of existence of an attractive interaction between these two atoms. Also significant is the location of a RCP defining the S 12 ÀC 13 ÀS 14 ···N 2 ÀC 3 quasi-ring, which does also stress the attractive character of the S 14 ···N 2 contact.
The value of the electron density at aB CP correlates with the strength of the bond or attractive interaction between atoms, and this is clearly seen in Figure 4 ( mid and bottom panels), which show plots of 1 (BCP) vs. the atom distances and Wiberg bond-orders.I nterestingly,t he value of 1 at the BCP associated with the S 14 ···N 2 contact obeys the general trends exhibited by the values related with the BCP defining the covalent bond in the molecule,f ollowing the tendency previously described by Espinosa et al., [36] who noticedt hat there are no discontinuities in the description of this type of correlation when both strong shared-shell( SS) and weak closeshell (CS) interactions are considered. Also, the value of 1 at the BCP associated with the S 14 ···N 2 contact is similart ot hose found for aB CP associated to an H-bond in H-bonded sys-tems, [37] ar esult that also stresses the structural relevance of the S 14 ···N 2 interaction in the studied molecule. The values of r 2 1 at the BCP can be correlated with the type of bonding: strong shared-shell (SS) covalent interactions are generally characterized by ac onsiderable chargec oncentrationn ear the BCP and the Laplacian of the electron density functiona tt he critical point is negative;c onversely,f or weak closed-shell (CS) interactions as ituation of charged epletion at the BCP occurs, and the Laplacian is positive. [36, 37] For SS covalent bonds, values of 1 (in atomic units) of about 0.230 are typical of single bonds while those of ca. 0.340 are typical of double bonds. [38] These trends are clearly evidenced in Table 1 , with the Laplacian being positive for the S 14 ···N 2 contacta nd negativef or all covalentb onds, except for the specific case of the S=Ob onds, for which the Laplacian at the BCP is positive. Although, as expected, for the S=Ob onds the electron density at the BCP is large, the fact that the Laplacian is positive indicates that the chargei sc oncentrated in the separatea tomic basins rather than in the inter-nuclear region. Such type of interaction has been termed "intermediate" between as haredand ac losed-shelli nteraction. [37] In an "intermediate"-type interaction, the BCP is located close to the nodal surface of the Laplacian and, consequently,t he bonded maximum in the valence shell charge concentration of sulphur lies within the atomic basin of oxygen. This, in turn, is an indication of the charge transfer from sulphur to oxygen, and the integrated AIM atomiccharges of sulphur and oxygen confirm this finding ( Table 2) . Note, though, that the transfer of chargei sn ot an indicationo fa ni onic interaction, as 1 at the BCP has the value of as hared interaction (see Ta ble 1), but rather reflects the polarity of the bond. Similar trends have been reported before for the SO linkage in sulphinylamines and sulphinylhydrazines. [39] The characterization of the RCP in terms of their 1, r 2 1,a nd integrated total energy density values provides information on the level of electron delocalization of each of the rings in the molecule (thiadiazole,t hiazole,a nd phenyl) and also of the S 12 ÀC 13 ÀS 14 ···N 2 ÀC 3 quasi-ring. The integrated total energyd ensity values for theser ings (in atomicu nits 10 3 )a re, respectively,7.49, 6.34, 7.54, and 2.47, ordering the rings by increased electrond elocalization character as phenyl % thiadiazole > thiazole @ S 12 ÀC 13 ÀS 14 ···N 2 ÀC 3 quasi-ring. These results are in agreement with the expectations:t he phenyla nd thiadiazole rings are aromatic,w hereas the electron delocalization is intermediate in the substituted thiazoler ing and negligible in the S 12 ÀC 13 ÀS 14 ···N 2 ÀC 3 quasi-ring. The relative values of both 1 and r 2 1 at the RCP accompany the trend of the corresponding energy densities( see Ta ble 1), but in this case the fact that the phenylr ing has ad ifferent number of atoms has to be taken into account, since the values of 1 and r 2 1 also reflect the extent of steric strain of the ring, increasing with this property. [40] In this regard,t he position of the phenyl ring in the series defined based on the values of 1 and r 2 1 is affected by the fact that it is considerably less strained. In general, the electron delocalization insights extracted from the AIM topological analysis are in line with the calculated bond-orders for the bonds of the different rings shown in Table 1 .
Structure and vibrational spectra of matrix-isolated MTSB monomers
The infrared spectrumo fM TSB isolated in solid argon is presented in Figure 6 , in which it can be compared with the simu-lated spectrumg eneratedf rom the B3LYP/6-311 ++ G(3df,3pd) calculated data (see also Ta ble S2 in the Supporting Information, with proposed band assignments). In the simulated spectrum, the bands are represented by Lorentzian functions centered at the calculated wavenumbers and with af ullwidth-at-half-maximumo f2cm À1 .N os caling was applied to the wavenumbers. Note that the calculated intensities correspond, in the simulated spectrum, to the areasb elow the peaks, sot hat the peak intensities do not correspond to the valuess hown in Table S2 . The chosen theoretical method and basis set have been shown [41] to provide vibrational frequencies in very good agreement with the experimentald ata (without requiring scaling), in particular for the vibrations of the -SO 2 -fragment, usually difficulttod escribe.
From Figure 6 , it can indeed be concluded that the B3LYP/ 6-311 ++G(3df,3pd) calculations are able to predict properly the IR spectrum of MTSB.Onthe other hand, preliminary calculationsp erformed with the smaller 6-311 ++G(d,p) basis set were found to strongly underestimate the frequencies for the modesl ocalized in the -SO 2 -f ragment, in particular the two stretching vibrations and the scissoring andw agging modes. These resultsf ollow the trends described in previouss tudies [41, 42] in which the infrared spectra of other molecules bearing the -SO 2 -m oiety were discussed. It has been shown that the use of highly polarized basis sets is necessary to provide the wavefunction the required flexibilityt oa ccount properly for properties (including vibrational frequencies) of hypervalent sulphur containing molecules.
The spectrum of MTSB is dominated by the bands originating predominantly in the -SO 2 -f ragment and the C 3 -S 12 bond of the bridging group. The most intenseb and in the spectrum is observed as as ite-split band with maxima at 1193/1190/ 1189/1188 cm À1 (calculated 1192 cm À1 )a nd is assigned to the nSO 2 symmetric stretching. The nSO 2 anti-symmetric stretching vibration is predicted at 1379 cm À1 and also observeda sa multiplet with major maximum at 1374 cm À1 ,w hereas the SO 2 scissoring (dSO 2 )a nd wagging( wSO 2 )m odes are predicted at 598 and 566 cm À1 ,r espectively,a nd observed at 586 and 563 cm À1 .A ccording to the calculations, two vibrations pre- Chem. Eur.J. 2018, 24,3251 -3262 www.chemeurj.org senting intense IR absorptions have significant contributions from the C 3 ÀS 12 bond stretching of the bridging group. These modes are predicted at 1239 cm À1 (also with as ignificant contributionf rom the nC 3 ÀC 4 stretching) and 1005cm À1 ,a nd have experimental counterparts with major maxima observed at 1237/1236 and 994 cm À1 ,respectively.
The features with main maximao bserved at 1532/1528 and 779/764cm À1 (with the latter showingacomplex band structure spreadingw ithin the positiono ft he two main maxima) are assigned to nC 3 =N 2 and to mixed modes with major contributions from nC 13 ÀS 14 , nS 1 ÀN 2 ,a nd nS 1 ÀC 9 stretching coordinates, and have been predicted at 1565 and 776/774 cm À1 ,r espectively,i ng ood agreement with the experimental values. The complex structure observedi nt he band at lower frequency is also related to the contribution to this feature originated in another,l ower intensity mode predicted to occur in the same spectralr egion and presenting also major contributions from the nS 1 ÀN 2 and nS 1 ÀC 9 coordinates (see Ta ble S2). The nC 13 ÀS 12 stretching mode is predicted at 1081 cm À1 and observed at 1090cm À1 .T he other,l ess intense vibrations have also been predicted well by the calculations, including the nN 16 ÀN 17 stretching mode of the thiadiazole ring (calculated: 1114cm À1 ;o bserved 1118cm À1 ). The global percent error in frequencies for all bands observed experimentally is as low as 2.6 %, which clearly demonstrates the general quality of the theoretical predictions and ensures ah igh degree of confidence to the proposed assignments (see Ta bleS2).
Assessmento fthe photostability of matrix-isolated MTSB monomers
The matrix-isolated MTSB was subjected to UV irradiation, performed in situ with broadband UV light produced by a5 00 W Hg(Xe) lamp set up to provide an outputo f2 00 Wa tt he sample. During the irradiation experiments,t he Hg(Xe) lamp was fittedwithawater filter to absorb heat.
The compound was found to be rather photostable, with only 35-40 %o ft he initial materialb eing consumed after prolonged ( % 3h)i rradiation. The effects of UV irradiation on matrix-isolated 5-methyl-1,3,4-thiadiazole-2-thione (5MTT), the parentc ompound of the thiadiazole fragment of MTSB, has been studied by Rostkowska et al. [43] Those authors reported observation of tautomerization of the mosts table thione tautomericf orm to al ess stable thiol tautomer of the compound upon irradiation at l > 295 nm. We studied the photochemistry of 5MTT using the same irradiation conditions used for MTSB and noticed that, under these conditions, the compound is promptly photolyzed (consumption was achieved after ca. 30 min of irradiation) to CS 2 ,w hich was formed together with N 2 and ethylene. The increased photostability observed for MTSB, when compared to its 5MTT precursor,t hen comes in line with recento bservations [44] that the benzisothiazole ring bound to other 5-membered heterocycles( e.g.,t etrazoles) acts as ap hoto-stabilizer,a tl east in conditions of matrix-isolation. Noteworthy also is the observation that the sulphanyl-bridged thiadiazolyl-saccharinate MTSB appearst ob ec onsiderably more photostable than the tetrazole saccharinates previously investigated. [44] X-ray structure of the crystalline compound
The molecular structure of MTSB, obtained by single-crystal XRD at 120 K, is shown in Figure 7 , and determined bond lengths, valence and dihedrala ngles are provided in Table S1 in the Supporting Information, in which they can be compared with the geometricalp arameters obtained theoretically for the isolated MTSB molecule. As it can be seen in Table S1 , the experimentally determined bond lengths and valencea ngles are in very good agreement with those calculatedf or the isolated molecule, with the exception of the S 1 =O 10 bond, which is found to be somewhat longert han the second S=Ob ond (S 1 = O 11 )a nd the DFT calculated value. Note that in the isolated molecule these two bonds are equal due to symmetry (the molecule belongst ot he C s point group), but in the crystal the symmetry is broken and they become different. Interestingly, as described below in details, the O 10 atom is involved in relevant intermolecular interactions (including two H-bond-like interactions of CÀH···O type), whereas O 11 does not participate in any similari nteraction. The intermolecular interactions involving O 10 explain the observed elongation of the S 1 =O 10 bond compared to the S 1 =O 11 bond, and the observed deviation in relationt ot he estimated value for the isolated MTSB molecule.
In the crystal, the 5-and6 -membered rings of the fused benzothiazole group are almost coplanar,t he angle between the least-squares plane of the two rings being 1.10(6)8.T he thiadiazole 5-membred ring makes an angle of 9.71(5)8 with the least squares plane of the 9-membered benzothiazole fused rings, showing that the molecule's main skeleton is not planar in the crystalline state. There is, in fact, ar otationo ft he thiadiazole ring along the C 13 ÀS 12 bond, as shown by the torsion angle S 14 ÀC 13 ÀS 12 ÀC 3 of À11.14(8)8.
As foundf or the isolated molecule, the distance between the S 14 and N 2 atoms [2.8452 (16) ]i nt he crystal is also significantly shorter than the sum of the atomic van der Walls radii [3.35 ] , whichindicates that the S 14 ···N 2 interaction is still present in the crystal, in spite of the non-planarity of the molecule.
Packing of the molecules in the crystal appearst ob edictated by weak intermolecular interactionso ft he form CÀH···O, CÀ H···N, S=O···C g and C g ···C g , C g being the gravity center of the p electron cloud of an aromatic ring, as shown in Table 3a sw ell as in Figures 8a nd 9 . AtomO 10 acts as ap rotona cceptor of two CÀH···O weaki ntermolecular hydrogen bonds and is also involved in one S=O···C g interaction, whereas atom O 11 does not participate in such interactions. This explains the already noticeda symmetry of the measured S=Ob ond lengths, S=O 11 being longer [ 1.4798(19) ]t han S=O 10 [1.4469(19) ]. Furthermore, this favorable packing asymmetry may also be the cause of the rotation of the thiadiazole ring, along the C 13 ÀS 12 bond, out of the plane of the benzothiazole moiety.
As the XRD data collected at low temperature is of very high quality,t he difference electron density map obtained from the observed scattering amplitudes and those calculated using a spherical atom models howed clearly ab uild-up of positive residual density along the chemical bonds. Thus, we have undertaken another structural refinement using scattering amplitudes from aspherical atoms based on am ultipole expansion formalism of the charged ensity.T echnical detailso fs uch multipole refinement are given in the Experimental Section. The dynamical deformation density map calculated from the refined multipole model is depictedi nF igure 10, where it can be compared with that obtainedu sing the B3LYP/6-311 ++ G(3fd,3dp) calculated data for the isolated molecule. As it can be noticed, the two differential maps shows imilar patterns, also in the S 14 ···N 2 contact region, where as ignificant positive residual density between the Sa nd Na toms can be clearly observed.F urthermore, the analysis of the critical points of the experimental electron density confirmed the presence of a bond criticalp oint between S 14 and N 2 ,a sf ound in the BCP analysiso ft he DFT density for the isolated molecule. This result confirms the structuralr elevance of the intramolecular S 14 ···N 2 contact, even in the crystalline phase, where intermolecular packing forces are present.A tomic charges derived from the multipole model( see Ta ble 2) are in qualitative agreement with those derived from the DFT calculations fort he isolated molecule, the Sa toms bearing ap ositive charge, and the Na nd Oa toms being negativelyc harged.
Infrareda nd Raman spectroscopy of the MTSB crystal
The infrared (ATR) and Raman spectra of MTSB in the neat crystalline phase are given in Figure 11 ,t ogether with the simulated spectra built based on the calculated vibrational data for the minimum energy configurationo ft he isolated MTSB molecule. The proposed assignments are given in Table S2 in the Supporting Information.
The most relevant observation extracted from the data showni nF igure 11is that the calculated spectra (both IR and Raman) for the isolated molecule of MTSB reproduce rather reasonably the experimental spectra of the neat crystal of the compound. This meanst hat the intramolecular vibrational potentiali sn ot significantly perturbed by the intermolecular interactions which exist in the crystal.S uch conclusion is in agreement with the X-ray structure data that, as pointedo ut above,r evealed weak CÀH···O or CÀH···N intermolecularc ontacts as the major interactions present in the crystal.I ti sa lso consistentw ith the relatively low melting point of the compound ( 190-192 8C) , temperature at which the compound also starts to decompose.
Raman temperature variation studies werec onducted, from room temperature to % 200 8C. Only minor spectralc hanges 
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[b] Symmetryc odes: i = x,3 /2Ày, À1/2 + z; ii = 1Àx,1 Ày, Àz; iii = Àx, À1/2 + y,1 /2Àz; iv = Àx,2 Ày, Àz; v = 1Àx, À1/2 + y,1 /2 + z. C g (1): S 1 ÀN 2 ÀC 3 ÀC 4 ÀC 9 ; C g (2): S 14 ÀC 13 ÀN 17 ÀN 16 ÀC 15 ; C g (3): C 4 ÀC 5 ÀC 6 ÀC 7 ÀC 8 ÀC 9 ; C gI_perp = perpendicular distance of C g (I) on ring J; C gJ_perp = perpendicular distance of C g (J) on ring I. were observed (very slight band broadening) before degradation of the compound started, indicatingt hat no phase transitions occur in the whole range of temperatures probed. We conclude from these findings that the structure of MTSB is similar in the monomeric state and in the crystal state. The structural stability lands predictabilityw hen MTSB is considered as bridging ligand in the design of coordination structures.
In vitro cytotoxicity of MTSB
The cytotoxicity of MTSB was evaluated in vitro against 6 cancer-derived cell lines (HepG2, HeLa, SH-SY5Y,N 9, THP-1 and U937) and an on-tumoral cell line (S17). Following previous findings [6] showing thatt he physiological concentration of Cu II in neoplasmsr ange from 30 to around 50 mm our experiments were conducted in the presence of 50 mm Cu II .T he cytotoxicity of MTSB against each cancer cell line, expressed as the half maximal inhibitory concentration (IC 50 ), andt he corresponding selectivity index,c alculated with respect to the non-tumoral cell line (S17), are providedi nT able 4.
Results show that, in the presenceo f5 0mm of Cu II ,M TSB exhibits toxicity towards all cell lines tested, with IC 50 values ranging from ca. 8t o1 20 mm.F rom the results, MTSB appears to be more toxic (lowerI C 50 )t oa dherent( HepG2, HeLa, SH-SY5Y and N9) than to non-adherent (THP-1 and U937) cell lines. For the range of cell lines tested, MTSB exhibited the highest toxicity towards HeLa and SH-SY5Yc ells (IC50 of 7.62 and 8.46 mm,r espectively) and also the highest selectivity index (SI of 9.86 and 8.46, respectively,c omparedt ot he S17 cell line).
To understand the dependence of MTSB cytotoxicity on Cu II concentration, another set of experiments were conducted to determine the IC 50 for Cu II towards each cell line, using as fixed concentration of MTSB the IC 50 value previously determined for the fixed Cu II of 50 mm and showni nT able 4. The results obtained for this set of experimentsa re presented in Table 5 .
Results presented in Table 5show that MTSB remains toxic for 5c ell lines, at Cu II concentrationsl ower than 50 mm.T hat was the case for the hepatic line (HepG2; 21.5) and neuroblastoma (SH-SY5Y;3 1.4), both adherent cancer cell lines, and for the non-adherent cell lines of monocytic leukemia (THP-1; 45.3) and hystiocytic lymphoma( U937;2 6.5). These values fall Table 4 . Cytotoxicity of MTSB against the tumord erived cell linesH epG2, HeLa, SH-SY5Y,N 9, THP-1 andU 937 and the non-tumoral cell line (S17), expressed as IC 50 [mm] . The confidencei ntervals are presented in brackets. The selectivity index (SI) was calculated with reference to the celll ine S17.
IC 50 within the range of Cu II concentrationsf ound in neoplasms.I n this sense, MTSB appearst ob em ost effective towards hepatic, neuroblastoma and lymphoma, for which the least combination of Cu II and MTSB concentrationsc an be used to obtain a 50 %r eduction in cell viability after 72 ho fe xposure. For the monocytic leukemia THP-1, a5 0% reduction in cell viability would require a1 19 mm concentrationo fM TSB. For the non-tumor-derived cell line S17 a5 0% reduction in cell viability is achieved with concentrations of MTSB and Cu II of 75.1 and3 8.5, respectively.H owever,i ti sw orth noting that, in non-tumor tissues, the normalc oncentration of Cu II were found to be less than 10 mm.T hus, we can argue that MTSB is toxic towards ar ange of cancerc ells at concentrations that do not affect normal cells.
Conclusion
In the present study,t he synthesis and the detailed structural characterization of MTSB were addressed. In addition, the photochemical stability of the matrix-isolatedc ompound has been investigated. The relevant regions of the potential energy surface of the molecule were scrutinised and ad etailed charge density analysis of the identified most stable conformation performed based on the AIM theorya nd Wiberg's bond order methods. The structuralr elevance of the intramolecular N···S interaction in MTSB was stressed. In situ matrix UV-irradiation revealed ah igh photostability of MTSB, comparedt op arent tetrazoles accharinates and to the 5-methyl-1,3,4-thiadiazole buildingb lock, emphasizingt he photostabilizing effect of the saccharyl system.
The infrared spectrum of matrix-isolated (argon matrix) MTSB was recorded and interpreted taking into account results obtained using quantum chemicalc alculations at the B3LYP/6-311 ++G(3df,3pd) level of approximation.
The crystal structure of the compound was also investigated by X-ray crystallography and infrared and Raman spectroscopies. It was concluded that in the crystal the molecules of MTSB assumeaconformation similart ot hat predicted theoretically to be the most stable one for the isolated molecule situation, which was also provedt ob et he one presenti nt he argon matrix. The S···N interation was also found to play ar elevant role to the structure of the molecule in the crystal.
Finally,t he toxicity of MTSB was evaluated in vitro, towards 6c ancerc ell lines and non-tumoral cells. The resultss howed that MTSB is toxic towards cancer cells at concentrationst hat do not affect normal cells, the compound being particularlye ffectivet owards the hepatic (HepG2), neuroblastoma (SH-SY5) and lymphoma cell lines (U937).
Experimental Section
Chemicals and routine analytical equipment;g eneral information All chemicals (analytical grade) were used as purchased from commercial sources. When required, solvents (technical grade) were freshly distilled from appropriate drying agents before use.
Melting points were recorded on aS tuart Scientific SMP3 melting point apparatus and are uncorrected. Mass spectra were obtained on aV G7 070E mass spectrometer by electron ionization (EI) at 70 eV.N MR spectra were obtained on aB ruker AMÀ400 spectrometer,u sing TMS as the internal reference (d = 0.0 ppm).
Synthesis of ligands
Preparation of 3-chloro-1,2-benzisothiazole-1,1-dioxide (2): Saccharyl chloride 2 was obtained from saccharin (10.2 g; 56 mmol) and phosphorus pentachloride (14.0 g; 66 mmol), heated at 180 8C, using ap rocedure reported previously: [17] colorless needles (7. . Vibrational spectra for neat crystallineMTSB (roomtemperature). top and bottom panels:B 3LYP/6-311 ++G(3df,3pd) calculatedinfrared and Raman spectra, respectively,for the minimum energy configuration of the isolatedmolecule(simulated using Lorentzian functions withF WHMof1 0 and 5cm À1 ,respectively;for the used method to convert the Raman activities extracted from the Gaussian 09 output to the Ramani ntensities, see; [45] [46] [47] Ramani ntensities werenormalized to unity intensity of the band at 1403 cm À1 ); middle panels:experimental ATRa nd Raman spectra of the compound.
thiadiazole-2-thiol (4)( 0.65 g; 4.92 mmol) and 3-chloro-1,2-benzisothiazole 1,1-dioxide (2)( 1.0 g, 4.97 mmol) in dry THF (40 mL) was stirred at 60 8C, under an itrogen atmosphere. The reaction was monitored by TLC (ethyl acetate/hexane;4 :6). After 24 h, the solvent was evaporated under reduced pressure and the remaining solid was dried under vacuum at room temperature. Crystallization from acetone/THF (2:1) yielded the required product as yellow crystals (1. 
Matrix experiments
The cryogenic matrices were prepared by sublimation of the compound, using ah omemade mini-oven (T % 120 8C) placed within the vacuum chamber of the cryostat, and mixing the resulting vapors with argon N60 in an approximate 1:1000 solute/matrix molar ratio.
The infrared spectra were recorded in aThermo Nicolet 6700 Fourier transform infrared (FTIR) spectrometer (resolution 0.5 cm À1 ), equipped with aG e/KBr beam splitter and ad euterated triglycine sulfate (DTGS) detector. UV irradiations were performed in situ, through an outer quartz window (cut-off % 200 nm) of the cryostat, with broadband UV light produced by a5 00 WH g(Xe) lamp (Newport, Oriel Instruments) set up to provide an output of 200 Wa tt he sample. During the performed irradiation experiments, the Hg(Xe) lamp was fitted with awater filter (8 cm long) to absorb heat.
X-ray crystallography
Single crystal X-ray diffraction (XRD) data were collected on a Bruker APEXII CCD diffractometer using graphite monochromatized Mo Ka radiation (l = 0.71073 ). The data collection was performed at 120(2) Ku sing ac ooled nitrogen-gas stream in laminar flow.T he single-crystal specimen was plate-shaped with dimensions 0.33 0.13 0.07 mm 3 .Am onoclinic unit cell (a = 8.3068(6), b = 9.3966 (7) , c = 15.6916(11) , b = 104.065(3)8), was first derived from indexing the Bragg spots of the first 36 CCD frames and it was further refined by least-squares from the positions of 5825 measured Bragg spots at the end of the data-collection. Systematic absences pointed to the monoclinic P2 1 /c space-group, and this assignment was confirmed from the structure solution. Data reduction and am ultiscan absorption correction were performed with the SAINT and SADABS [48] suite of programs. The crystallographic structure was solved by direct methods using SHELXT-2014/5. [49] Refinements using spherical atomic scattering factors were carried out with the SHELXL-2016/6 package. [50] All refinements were made by fullmatrix least-squares on F 2 with anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen atoms were placed at calculated idealized positions and refined as riding using SHELXL-2016/6 default parameters. The refined structural model gave a final R 1 factor of 0.0232 for 2481 reflections of I > 2s and R all of 0.0260 for all 2726 reflections and 164 parameters. Ar efinement of the structural model using aspherical scattering factors, based on a Hansen-Coppens multipole expansion formalism [51] were carried out with XD2006. [52] Slater-type radial functions were used. All non hydrogen atoms were refined with an expansion up to l = 3( octupoles), the hydrogen atoms were refined up to dipoles (l = 1). As et of k contraction-expansion parameters for each atomic species, multipole population parameters, and anisotropic displacement parameters (isotropic for Ha toms) were refined. Ac harge neutrality constraint was imposed and apropriate restrictions on the multipole parameters for an assumed C s symmetry of the electron densi-ty of the aromatic rings. In addition, atoms with equivalent chemical environments were assumed to have the same deformation electron density.T he multipole and radial k parameters of non-H atoms were refined using 2481 reflections with I > 2s,g iving a R 1 factor of 0.0124 and R all of 0.0163 for all 2726 reflections and 406 parameters. CCDC 1536536 contain the supplementary crystallographic data for this paper.T hese data are provided free of charge by The Cambridge Crystallographic Data Centre IR and Raman spectroscopy of crystalline MTSB ATRi nfrared spectra were collected with 2cm À1 spectral resolution (126 scans), in aT hermoNicolet IR300 FTIR spectrometer,e quipped with aS mart Orbit ATRa ccessory,aDTGS detector and aG e/KBr beam splitter.
Raman spectra were obtained using aHoriba LabRam HR Evolution micro-Raman system, with excitation at 632.8 nm from aH e-Ne laser,s pectral resolution 4.0 cm À1 ,5 0 magnification objective, acquisition time of 60 s, 10 accumulations, and laser power % 17 mW. Calibration was done using the Si wafer band. The wavenumber accuracy is better than 0.5 cm À1 in the spectral region of interest. In all cases, the automatic focusing option was used. The Raman temperature variation studies (0.1 8Cr esolution) were undertaken by coupling aL inkam THMS600/720 stage (controlled by aP E95/ T95 system controller) with the Raman spectrometer.
Cell viability assays
Cell viability was determined against four cell lines of adherent tumors:h uman hepatocellular carcinoma cell line (HepG2), human epitheloid cervix carcinoma (HeLa), human neuroblastoma cell line (SH-SY5Y) and mouse microglia cell line (N9);a nd two cell lines of non-adherent tumors:h uman monocytic leukaemia (THP-1) and human histiocytic lymphoma (U937). The non-tumoral cell line of mouse bone marrow stroma (S17) was used to assess the selectivity of the compound towards tumoral cells.
Exponentially growing S17, HepG2 and HeLa cells were plated in 96-well tissue plates at ad ensity of 5 10 3 cells/well whereas SH-SY5Y,N 9, THP-1 and U937 were seeded at ad ensity of 10 10 3 cells/well. All the plates were incubated for 24 h. Compounds were then applied at various concentrations (0-250 mm)f or 72 h. Control cells were treated with DMSO at the highest concentration used in test wells (0.5 %) plus copper solution at 50 mm,a nd cell viability was determined by the MTT colorimetric assay. [53] Briefly,2hours prior to the end of the incubation period 20 mLo fM TT (5 mg mL À1 in PBS) were added to each well and further incubated at 37 8C. Then, 150 mLo fD MSO was added to each well in order to dissolve the formazan crystals and absorbance was measured at 590 nm (Biotek Synergy 4). For the evaluation of the copper concentration effect on MTSB cytotoxicity,c ells were treated with the MTSB at the concentrations correspoding to its IC 50 (previously determined) and copper(II) at various concentrations (0-200 mm). Results were expressed in terms of IC 50 (mm). All experiments were run in triplicate. IC 50 values were calculated by sigmoidal fitting of the data in the GraphPad Prism V5 .0 program (GraphPad Software, La Jolla, CA, USA). 
